. This knowledge gap is especially wide in the case of unicellular 51 eukaryotes (i.e. protists), including those responsible for parasitic disease in humans, on 52 which only a small number of studies have been performed. (Khramtsov et al., 1997; Miller et al., 1988; Tarr et al., 1988; Wang and Wang 1985; Wang 60 and Wang 1986; Widmer et al., 1989 (Akopyants et al., 2016; Grybchuk et al. 2018 ; Lye et al., 2016; Sukla et al., 2017) . However, 64 our knowledge of protozoan viruses is clearly limited, with many of those identified 65 stemming from fortuitous discovery. 66 
67
The identification and study of protozoan viruses is also important for our understanding of 68 so-called "Russian doll" ("Matryoshka" in Russian) infections (Padma 2015) , in which Ito et al., 2015; Ives et al., 2011) . By increasing the inflammatory response in the 77 host these viruses could in theory enhance human pathogenesis (Brettmann et al., 2016;  78 Zangger et al., 2014) . Interestingly, associations have also been observed between LRV1-79 4 infected L. guyanensis or L. braziliensis and treatment failure in patients with leishmaniasis 80 (Adaui et al., 2016; Bourreau et al., 2016) . 81 
82
Viral co-infection also has the potential to alter protozoan biology and/or attenuate the 83 mammalian host response, leading to greater replication or persistent protozoan infection, 84 in turn promoting ongoing parasite transmission. Persistence (i.e. avirulent infection) has 85 been proposed in the case of Cryptosporidium parvum virus 1 (CSpV1) that infects the 86 apicomplexan Cryptosporidium (Nibert et al., 2009) , and increased C. parvum fecundity has 87 been demonstrated in isolates experiencing viral co-infection (Jenkins et al., 2008) . Viral 88 infections may also have a deleterious effect on parasite biology, adversely impacting such 89 traits as growth and adhesion in the case of axenic cultures of Giardia lamblia (Miller et al., 90 1988 
Results

133
Plasmodium-infected human samples 134 To investigate the virome of Plasmodium parasites that infect and cause disease in 135 humans, we performed a meta-transcriptomic study of three species -P. vivax (hereby 136 denoted Pv), P. knowlesi (Pk) and P. falciparum (Pf). These samples were obtained from 7, 6 137 and 5 malaria patients, respectively, at different locations in the state of Sabah, east 138 Malaysia (Table S1 ) (Grigg et al., 2018) . All patients with malaria had uncomplicated 139 disease. An additional library of 6 non-infected patients were also included as a negative 140 control. All infected blood samples were validated for their corresponding Plasmodium 141 species (Table S1 ). Microscopic parasite counts from peripheral blood films revealed similar 142 densities (i.e. no significant differences, p-value=0.7) between the three Plasmodium 143 species, with parasitemia centered around 6000-8000/µL ( Figure S1 ). depending on their length ( Figure S3 ). Assuming that RNA virus-like contigs would be of a 196 certain minimum length, only those larger than 1000 nt were used for further analysis (Table   197 2). To identify remote virus signal from these sequences, a second round of Blastx search and 2.6, respectively (Table 2) . Such a similarity in abundance levels supports the existence 215 of a bi-segmented RNA virus. Finally, the 3kb RdRp-segment described in our P. vivax
samples is also within the range of the genome lengths seen in other members of the 217 Narnaviridae (2.3 to 3.6 kb).
219
Narna-like virus genome and protein annotation 220
The two segments of our putative narnavirus were both validated by RT-PCR in each of the 221 seven P. vivax samples used for this study (Figure 2 ), but were not found in the P. knowlesi,
222
P.falciparum and non-infected samples. Corresponding amplicons were then Sanger-223 sequenced to define both the intra and inter-sample sequence diversity. We named this 224 new virus Matryoshka RNA virus 1 (MaRNAV-1) because of its "Russian doll" composition, 225 reflecting a virus that infects a parasite (protist) that infects an animal. and is yet to be formally taxonomically assigned. Although the 276 low abundance of this virus meant that no host could be conclusively assigned, a 277 preliminary study suggested that it was unlikely to be a virus of mosquitoes, such that it 278 could, in theory, infect a protozoan within the mosquitoes. In addition, two of the other Virus-host assignment 299 A major challenge for all metagenomic studies is accurately assigning viruses to hosts as 300 they could in reality be associated with host diet, the environment surrounding the sampling 301 site, or a co-infecting micro-organism. In assigning hosts we assumed: (i) that a virus with a 302 13 high abundance is likely to be infecting a host found also in high abundance, (ii) a virus 303 consistently found in association with one particular host is likely to infect that host, (iii) a 304 virus that is phylogenetically related to those previously identified as infecting a particular 305 host taxa is likely to infect a similar range of host taxa, and (iv) a virus and a host that share Table S2 ). (Table S4 ). Using the newly-discovered (Table S4 , Figure S10) . 420 In addition, in the majority of samples (25 of 27), the presence of the viral segments was 421 directly linked to the presence of the parasite: that is, the virus was present only when the 422 parasite was detected and absent in parasite-free samples (Table S4 ). This supports the 423 idea that the viral sequences screened are infecting the Leucocytozoon parasite rather than 424 the bird carrying it. Because of its similarity to P. vivax MaRNAV-1, we term this 425 Leucocytozoon parasite MaRNAV-2. (Table S4) The first segment of MaRNAV-1 encodes a single ORF containing the conserved motif that is related to those found in the Narnaviridae, while the second segment, which is 474 not characteristic of narnaviruses, encodes two overlapping ORFs of unknown function. 475 The family Narnaviridae comprises a capsid-less viral family that infects plants, fungi and 476 protists. Interestingly, no sequences associated with fungi were observed in our samples, 477 suggesting that this virus is indeed likely to infect Plasmodium. In addition, the closest RNA 478 virus homologs were also observed in protozoans, or in arthropods that could conceivably 479 be infected by protozoan parasites (Shi et al., 2016; Shi et al., 2017) . Such a strong virus-480 protist association evidence was reinforced by the consistent link between this virus and P. such as asymptomatic infection (Pava et al., 2016) or pathogenesis (Barber et al., 2015) . Plasmodium species validation and parasite counts are reported in Table S1.   567   568 PCR validation for P. vivax and P. falciparum were conducted following Padley et al. (2003) . 569 A single-round PCR was performed using one single reverse primer in combination with 570 species-specific forward primers (Table S5) Table S5 for the corresponding sequences). (RNA samples quality and the features of each library are described in Table S6 ). Table S7 for more details) with either SortmeRNA (Kopylova et al., 2012) or Table S7 . 
Contig assembly and counting
600
Depleted read data sets were assembled into longer contigs using the Trinity software 601 (Grabherr et al., 2011) . The resulting contig abundances were estimated using the RSEM 602 software (Li and Dewey 2011) . (Kearse et al., 2012; Kelley et al., 2015) . Briefly, the amino acid 624 sequences of predicted ORFs were first compared to a curated non-redundant nr20 data 625 set (comprising only sequences with <20% mutual identity) using HHblits (Remmert et al., 626 2012). Secondary structures were predicted from the multiple sequence alignment and this 627 information was converted into a Hidden Markov model (HMM). This HMM was then used 628 as a query against a HMM database built from proteins of known 3D-structures and using 629 HHsearch (Söding 2005) . Finally, a 3D-structure modelling step was performed using 630 HHsearch hits as templates, following the method described in Remmert et al. (2012 To identify homologs of MaRNAV-1, the newly identified Narna-like virus sequence was 666 used as a reference in both Magic-blast blastn (default parameters) (Boratyn et al., 2018) 667 and Diamond blastx (cut-off 1e-5) (Buchfink et al., 2015 retrieved from the corresponding papers (Table S3) To further assess host assignments, the same SRA data sets were subjected to Magic- (Table S3) . with Gblocks under the lowest stringency parameters (Castresana 2000) . The best-fit amino 698 acid substitution models were then inferred from each curated protein alignment using 699 either the Smart model selection (SMS) (Lefort et al., 2017) The PCR-based detection of both Narna-like viruses and Leucocytozoon parasites were 714 conducted using newly-designed primers corresponding to the Leucocytozoon homologs 715 of the MaRNAV-1 RdRp and segment II (primers are described in Table S5 ), and following 716 the same PCR protocol as described above. PCR-based Leucocytozoon detections were 717 performed using primers targeting the Leucocytozoon mitochondrial cytochrome B oxidase 718 gene as described in (Pacheco et al., 2018) . All additional analyses of the bird data sets 719 were performed utilizing the software and tools described above. cluster Artemis for providing the computational resources required for the RNA-seq data 728 processing, and Wei-shan Chang for providing technical assistance with PCR validation. 729 We also thank the Director-General, Ministry of Health, Malaysia, for permission to publish 730 this manuscript. 
